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ABSTRACT 

Context. The trans-neptunian region of the Solar System is populated by a large variety of icy bodies showing great diversity in 
orbital behavior, size, surface color and composition. One can also note the presence of dynamical families and binary systems. One 
surprising feature detected in the spectra of some of the largest Trans-Neptunians is the presence of crystalline water-ice. This is the 
case for the large TNO (136 108) Haumea (2003 ELgi). 

Aims. We seek to constrain the state of the water ice of Haumea and its satellites, and investigate possible energy sources to maintain 
the water ice in its crystalline form. 

Methods. Spectro-imaging observations in the near infrared have been performed with the integral field spectrograph SINFONI 
mounted on UT4 at the ESO Very Large Telescope. The spectra of both Haumea and its larger satellite Hi'iaka are analyzed. Relative 
astrometry of the components is also performed, providing a check of the orbital solutions and equinox seasons. 
Results. We describe the physical characteristics of the crystalline water-ice present on the surface of Haumea and its largest satellite 
Hi'iaka and analyze possible sources of heating to maintain water in crystalline state: tidal dissipation in the system components vs 
radiogenic source. The surface of Hi'iaka appears to be covered by large grains of water ice, almost entirely in its crystalline form. 
Under some restricted conditions, both radiogenic heating and tidal forces between Haumea and Hi'iaka could provide the energy 
sufficient to maintain the ice in its crystalline state. 

Key words. Kuiper belt objects: individual: Haumea - Methods: observational - Techniques: high angular resolution - Techniques: 
imaging spectroscopy - Infrared: planetary systems 



1. Introduction 

The planetesimals orbiting beyond Neptune, the transneptunian 
objects (TNOs), are the remnant of the Solar System forma- 
tion in its outer part. They are thought to be among the most 
pristine objects of our solar system, although their outer sur- 
face layers have been altered by irradiation and collisions over 
the age of the solar system. Currently the TNOs population ac- 
counts for ~1300 known objects, which are difficult to observe 
due to their extreme heliocentric distances and relatively small 
size. Our knowledge of their physical characteristics is for now 
limited to studying the few largest and brightest objects, which 
still reveal that this population displays a large fraction of binary 
and multiple systems when compared to other small solar sys- 
tem bodies such as main belt asteroids [e.g. Noll et al. 2008]. 
Trans-neptunian binaries can be found as gravitationally bound 
systems with similar mass components, but systems harboring 
smaller moons, which are by definition harder to detect, have 
also been discovered around (134 340) Pluto, (136 108) Haumea 



(2003EL61), (50000) Quaoar, (90482) Orcus, etc [Noll et al. 
2008]. Thanks to their binary nature, the total mass of these sys- 
tems can be inferred, which, when combined to spectroscopy 
and radiometric sizes, provides a valuable tool to characterize 
their surface and internal physical properties. 

Haumea is the largest member of a TNO family, likely 
the outcome of a collision [Brown et al. 2007; Ragozzine & 
Brown 2007; Schaller & Brown 2008; Rabinowitz et al. 2008; 
Snodgrass et al. 2010]. Here we report spectro-imaging observa- 
tions of all three components of the Haumea system performed 
in 2007 at the ESO Very Large Telescope. Our data and related 
compositional modeling show that the surface of the outer satel- 
lite Hi'iaka is mostly coated with crystalline water-ice, as in the 
case of the central body Haumea [Trujillo et al. 2007; Merlin 
et al. 2007; Pinilla-Alonso et al. 2009]. We also discuss the ef- 
fects of tidal torques as a possible source of energy responsible 
for the crystalline state of the water-ice of Hi'iaka. 

2. Observations and data-reduction 



* Based on observations collected at the European Southern 
Observatory, Paranal, Chile - 60.A-9235 



Haumea was observed in H and K bands on March 15 UT 2007, 
using the laser guide star facility (LGSF) and the SINFONI 
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instrument (Spectrograph for INtegral Field Observations in the 
Near Infrared), both installed at the 8m "Yepun" unit of the ESO 
Very Large Telescope. The use of SINFONI for the observations 
of the large TNOs Haumea and Eris has been described in 
earlier papers [Merlin et al. 2007; Dumas et al. 2007] and more 
information about this instrument can be found in Eisenhauer et 
al. [2003] and Bonnet et al. [2004]. In a nutshell, SINFONI is an 
integral field spectrometer working in the [1.0-2.5] fim range, 
also equipped with an adaptive optics (AO) system with Natural 
Guide Star (NGS) and Laser Guide Star (LGS) channels. While 
our previous published observations were obtained in non-AO 
mode (seeing limited), the results presented in this paper make 
use of the AO system and the LGS facility. The laser produces 
an artificial visible-light star of Rmag ~ 13.4 in the line of sight of 
Haumea (V„,ag ~17.4), returning thus a gain of 4 magnitudes for 
characterizing the higher orders of the wavefront in comparison 
to non-laser observations. Haumea itself was used as a reference 
source for the tip-tilt, delivering optimal correction by the 
AO-LGS system. The atmospheric conditions were extremely 
good during the observations, with an uncorrected seeing 
varying between 0.5 and 0.6". On 3/15/2007, between 6h34 
UT and 7h24 UT, six exposures of 300s each were obtained 
on Haumea (total integration time of Ih), inter-spaced by 3 
exposures of 300s to record the sky background. We used the 
H-i-K spectral grating (spectral resolution of ~ 1500) covering 
both H and K bands simultaneously, and a plate scale of 100 
mas/spaxel (3"x 3"total field). Calibrations to correct our 
spectra from the solar response and telluric absorption features 
were obtained immediately after Haumea by observing the local 
telluric standard HD 142093 {W„,„g ~ 7.3, G2V) in NGS mode 
at similar airmass and with the same instrumental setting. 

The data (science target and telluric standard) were mainly 
reduced using the ESO pipeline 1.9.3 [Modigliani et al. 2006] 
We first coiTected all raw frames from the noise pattern of 
dark and bright horizontal lines introduced when reading the 
detector. We then used the ESO pipeline to produce all master 
files needed by the data reduction such as the badpixel masks, 
master darks and flats, as well as the wavelength and distortion 
calibration files, which respectively associate a wavelength 
value to each pixels, and reconstract the final image cubes. Each 
object frame was subtracted from the sky frame recorded closest 
in time and the quality of the sky subtraction was improved 
by enabling the correction of sky residuals in the pipeline, i.e. 
by subtracting the median value of each image slice in the 
reconstructed, sky-corrected, spectro-image cube. 
Fig. 1 shows two H-hK -band images of Haumea obtained in 
seeing limited and LGS modes. The improvement in contrast 
returned by the LGS is immediately apparent, as the two 
satellites of Haumea are visible in the LGS image, allowing us 
to carry out a detailed spectroscopic and astrometric study of 
the components of this system. 

We thus were able to extract separately the spectra of 
Haumea and its brighter satellite Hi'iaka. The faintest satel- 
lite Namaka could not be spectrophotometrically isolated from 
Haumea due to its too close proximity at the time of these obser- 
vations. Nevertheless we could neglect the contribution of the 
satellite to the overall spectrum as its H magnitude is ~24.9 
[Eraser & Brown 2009], i.e. within the detection level for a 
given wavelength bin of our data cube. The individual spectra 
were then corrected from the remaining bad pixels, combined 
and finally divided by the spectrum of the local telluric stan- 
dard HD 142093. A detailed analysis of the cube and subsequent 
modeling of the spectra revealed that division of our spectra by 
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Fig. 1. Comparison of H+K band SINFONI images of Haumea 
obtained under similar conditions but in seeing limited obser- 
vations (A, left) and LGS -AO corrected mode (B, right). The 
spatial and intensity scales are similar and the intensity is given 
in ADU. The improved contrast and spatial resolution of the AO 
image (B) is readily apparent in comparison to the no-AO im- 
age (A), making possible the detection of the two faint satellites: 
Namaka (faintest, just below Haumea) and Hi'iaka (brightest, 
bottom of image). The images were obtained by summing all 
the slices of our data-cube to produce the equivalent of a broad 
H-i-K band image. 



Absorption band 


Band depth (Primary) 


Band depth (Satellite) 


1.50 /im 


0.36 ± 0.05 


0.53 ±0.25 


1.65 /im 


0.24 ±0.04 


0.54 ±0.25 


2.00 fim 


0.55 ± 0.05 


0.72 ± 0.35 



Table 1. Depth of the water ice absorption bands in the spectra 
of Haumea and its outermost satellite Hi'iaka. 



the solar analog had the effect of introducing a small artifact in 
the spectrum of Haumea in the [1.65-1.8] fim range. This par- 
ticular feature was due to the contamination of our spectra by a 
faint background object within the close vicinity of the standard 
star. We characterized the impact of the contaminant by divid- 
ing our spectrum of HD 142093 with the spectrum of good solar 
analog, HD 11532 (V„ag ~ 9.7, G5) used by our ESO Large 
Program (Prog.ID 179.C-0171, PI: Barucci) and obtained with a 
similar setup and airmass (Aairmass ~ 0.03). We then applied cor- 
rection to our final spectra of Haumea and Hi'iaka by dividing 
both of them by the relative response of the two telluric standard 
stars over the [1.65-1.8] yum range. 

3. Structure of the water ice 

3. 1 . Spectral behaviour 

Our spectra of Haumea (Fig. 2) and of its brightest satellite 
(Fig. 3) reveal clear absorption bands of water ice as reported 
by Barkume et al. [2006] around 1.5 and 2.0 fj.m. Previous re- 
ports [e.g. Trujillo et al. 2007; Merlin et al. 2007] had also shown 
that the spectrum of Haumea displays the clear signature of crys- 
talline water ice at 1.65 fim. Here, these LGS-assisted VLT ob- 
servations clearly show that water ice in its crystalline state is 
similarly present on the brightest of the satellite. Crystalline 
ice on Hi'iaka was also reported previously by Takato et al. 
(unpublished) from seeing-limited observations carried out at 
Subaru under very good atmospheric conditions, while this pa- 
per reports LGS-assisted observations of Haumea's satellite and 
Hapke modeling of its reflectance spectrum. The primary ob- 
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Fig. 2, Spectrum of Haumea (thin dashed line) obtained with the 
SINFONI instrument using LGS-AO assisted observations. The 
1.65 fj.m feature of the crystalline state of water ice is clearly 
seen in our data. From Hapke modeling (thick line) we derive 
that the surface is made of a mixture of 73% (particle size of 
9 ;um) of crystalline water ice, 25% (particle size of 10 fim) of 
amorphous water ice and 2% (particle size of 10 /urn) of a dark 
compound such as Titan Tholin. No other major compound seem 
to be present on the surface of Haumea. 



ject spectrum does not display other major absorption bands in 
the 1.45-2.35 yum range. We can suspect a couple of absorption 
bands around 2.21 jim and 2.25 fim in the spectrum of Haumea, 
which, if real, could maybe be explained by the presence of 
NH3 H2O and, tentatively, NH4^, on surface, the latter being 
the likely product of irradiation of ammonia hydrate [Cook et 
al. 2009]; though better data are needed to confirm these bands. 
The spectrum of Hi'iaka is still too noisy to search for the signa- 
ture of any additional compounds. 

The crystalline water ice band (at 1.65 fim) is very deep in 
the spectrum of both objects. This behaviour is similar to those 
of pure crystalline water ice at low temperature ([see Grundy 
& Schmitt 1998]). Considering the high albedo of the primary 
object [Stansberry et al. 2008], we can assume that crystalline 
water ice is the major compound on the surface of Haumea and 
Hi'iaka (and likely Namaka as well). For both spectra, we ana- 
lyzed the relative depth of the water ice absorption bands at 1 .5 
fim, 1.65//m and 2.0xyum in comparison to the continuum flux 
estimated at each band center. This continuum was first divided 
out from our measured spectrum before estimating the depth of 
each band. The results are given in Table I . 

The absorption bands of the spectrum of the satellite are 
deeper than those of the spectrum of Haumea by a factor ~ 1 .5 for 
the wide absorption bands (1.5 and 2 fim) and more than 2.5 for 
the finest 1.65 fim band. This implies larger grain size of the wa- 
ter ice on the surface of the satellite. Concerning the depth of the 
absorption band at 1 .65 fim, we can suggest that the surface of 
the satellite has less suffered from the irradiation processes than 
the surface of Haumea (see Merlin et al. [2007] for a discussion 
about the shape and location of the 1.65 yum band). 
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Fig. 3. Spectra of Haumea (top, offsetted by + 1 unit for clarity) 
and of Hi'iaka (bottom), the largest of Haumea's satellites. The 
spectrum of the satellite (thin dashed line) was extracted from 
the same data set than Fig. 2. The 1.65 fim feature of crystalline 
state of water ice is also clearly seen and the band appears to be 
deeper for the satellite than for the central body. Hapke model- 
ing (thick line) suggests that the surface of the satellite is nearly 
uniquely made of crystalline water ice with larger particle size 
(20 yum) than Haumea. These results support a surface less al- 
tered than that of Haumea. 



3.2. Spectral modeling 

To investigate the surface properties of Haumea and Hi'iaka, we 
ran a radiative transfer model, based on Hapke theory [Hapke 
1981]. We computed the geometric albedo at zero phase angle 
from Eq. (44) of Hapke [1981]. The phase function, that de- 
scribes the angular distribution of light scattered from a body, is 
represented by a single Henyey-Greenstein function [Henyey & 
Greenstein 1941] with an asymmetry parameter of v=-0.4. The 
backscattering parameter is B= 0.7. These values are close to 
those used by Verbiscer & Helfenstein [1998] for the icy satel- 
lites of the giant planets, which exhibit similar strong water ice 
features. We follow the formalism of Emery & Brown [2004] 
to compute the geometric albedo from different compounds, as- 
suming a salt and pepper or an intimate mixture. The free param- 
eters of our models are the grain size and the relative amount of 
each chemical compound. The lowest reduced values between 
the observed spectra and our synthetic spectra were reached us- 
ing the Marqvardt-Levenberg algorithm, although it is important 
to note that our model results are not unique and only show the 
most probable surface composition from our initial set of prob- 
able chemical analogs [see Barucci et al. 2008a, on a discussion 
of the limits of this model]. 

To perform our spectral modeling, we used optical constants 
of several ices at low temperature (close to 40 K) suspected 
to be present on the surface of these icy bodies such as pure 
and amorphous water ice [Grundy & Schmitt 1998], as well as 
pure methane ice [Quirico & Schmitt 1997]. We also used opti- 
cal constants of dark compounds such as amorphous black car- 
bon [Zubko et al. 1996] and Titan Tholin [Khare et al. 1986], 
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which reproduce the low albedo of a large portion of these ob- 
jects [Stansberry et al. 2008]. 

Our best result, obtained assuming an albedo of 0.6 (normal- 
ized over the 1.6-1.7 fj.m region of the spectrum), includes 73% 
(particle size of 9 fj.m) of crystalline water ice, 25% (particle 
size of 10 fim) of amorphous water ice and 2% (particle size of 
10 fim) of Titan Tholin. The albedo value in the near infrared 
was determined from its V albedo [Stansberry et al. 2008], its V- 
J colour and the reflectance ratio reported between the CH4 band 
at 1.6 jum (CH4s) and J band [Lacerda et al. 2008]. We have nor- 
malized our spectra by convolving them with the response curve 
of the CH4s filter used by Lacerda et al. [2008] in the H-band 
region. For the satellite, we treated its albedo as a free parameter 
in our model and the best fit was obtained for an albedo of 0.4 in 
CH4s band and a composition made of 100% of crystalline water 
ice (particle size of 20 yum). The results of our spectral modeling 
are given in Figure 2 and Figure 3. 

3.3. Discussion 

Our observations and modeling results clearly show that crys- 
talline water ice is present on the surface of the largest satellite, 
and likely more abundantly than on the surface of the central 
body (larger particle size and greater amount). Even though our 
results would require an independent determination of Hi'iaka's 
albedo, it is highly probable that the surface of the satellite is 
completely covered by crystalline water ice, especially if the ex- 
act albedo in the CH4s band is close to, or even larger than, the 
value of 40%. The presence of crystalline water ice on the sur- 
face of Hi'iaka demonstrates that crystalline ice can be present 
on the surface of very small bodies. Indeed, if we adopt a size of 
a 1600 km diameter for the primary [Rabinowitz et al. 2006], a 
similar visible albedo between the two bodies, and a magnitude 
difference of 3.3 [Brown et al. 2005], we derive a diameter of 
170 km for the largest satellite. 

Mastrapa & Brown [2006] and Zheng et al. [2008] have 
shown that the crystalline water ice feature almost disappear af- 
ter irradiation over a time span of only several Myr to several 
hundreds Myr, hence the life time of the crystalline state of wa- 
ter ice is expected to be small on outer solar system objects, es- 
pecially for low temperature surfaces. Also, crystalline water ice 
can only be formed from amorphous water ice after episodes of 
sufficient heating, this mechanism being very efficient above 100 
K [Jewitt & Luu 2004], but still possible at lower temperatures. 
Based on this, some competitive mechanisms must be involved 
to explain that water ice is found mostly in its crystalline state 
over planet satellites and TNOs, including those of small size. As 
shown here our spectral modeling results show that crystalline 
water ice is dominant and "fresh" (less than several Myr) on the 
surface of Haumea and its largest satellite. Zheng et al. [2008] 
showed that the amorphization of crystalline ice by irradiation 
becomes less efficient with increasing temperature, the effect of 
"thermal recrystallization" becoming even dominant at higher 
temperatures than 40K. This could partly explain why crystalline 
ice is still found on small outer solar system bodies. Several au- 
thors proposed also cryovolcanic processes to explain the obser- 
vation of crystalline water ice [e.g. Jewitt & Luu 2004; Cook et 
al. 2007]. From observations, this assumption could be possible 
for a few objects where ammonia ice has been detected; for in- 
stance: Charon [Brown & Calvin 2000; Buie & Grundy 2000; 
Dumas et al. 2001; Cook et al. 2007], Quaoar [Jewitt & Luu 
2004], or Orcus [Barucci et al. 2008b], as ammonia depresses 
the melting point and could cause liquid to be compressed and 
pressurized enough at high depth to reach the surface [Cook et 



al. 2007]. However, the presence of absorption bands due to am- 
monia is not definitive in our spectra. 

Brown et al. [2007] have reported the probable discovery of 
a family of Kuiper belt objects with surface properties and or- 
bits that are nearly identical to those of Haumea, likely frag- 
ments of the ejected ice mantle the parent body. Recent simula- 
tions performed by Ragozzine & Brown [2007] seem to confirm 
this hypothesis even if the epoch found for the collision seems 
too ancient (IGyr) to conserve the fresh mantle of these bright 
objects. From photometry, Rabinowitz et al. [2008] show that 
the members of this family have common phase curve and have 
the bluest colour among all the TNOs. These observations sug- 
gest a high albedo for all of the objects and assume very fresh 
surfaces. Barkume et al. [2008] show that all observed mem- 
bers of this family show clear absorption features of crystalline 
water ice, not observed in other small TNOs (diameter smaller 
than ~1000 km), although the number of putative family mem- 
bers has recently been lowered by Snodgrass et al. [2010]. Still, 
the hypothesis of an energetic collisional event could provide a 
scenario explaining the presence of nearly pure crystalline wa- 
ter ice on the surface of Hi'iaka, especially if we consider that 
the largest of Haumea satellite is still too small to reach melting 
point of H2O at any depth. The next section below investigates 
the possibility of maintaining interior temperatures high enough 
by involving other scenarios: radiogenic heating and tidal effects 
between Haumea and Hi'iaka. 



4. Orbits of Haumea's satellites 

Taking advantage of the imaging capabilities of SINFONI, we 
extracted the relative astrometric positions of (136 108) Haumea 
and its two satellites by fitting Gaussian profiles on each of 
the components. We found the brighter satellite (SI: Hi'iaka) at 
(-0."277± °' E, -l."318± '" N) from (136 108) Haumea, and the 
faintest satellite (S2: Namaka) at (-h0."026±°2 E, -0."528± '" 
N). The large error bars along the South-North direction are due 
to the non-squared shape of SINFONI spaxels, which are twice 
as large in the SN direction than along the EW direction. 

These positions agree with orbits recently determined by 
Ragozzine & Brown [2009], emphasizing the astrometric qual- 
ity of the data obtained with SINFONI at the VLT. These orbits 
lead to mutual events (eclipses) between Haumea and its satel- 
lite Namaka within the period x 2008-2011 (see Fig. 4). Such 
events are of prime importance as their photometric follow-up 
can lead directly to a direct determination of the real size of 
the components, and hence their bulk density, with high accu- 
racy. These events have been indeed predicted by Fabiycky et al. 
[2008] based on HST and Keck observations. Due to the parallax 
of the system, the Earth will cross several times the orbital plane 
of the inner satellite, leading to several favorable opportunities to 
observe transits and occultations phenomena. It is worth noting 
that some symmetric solutions for the orbit orientation, although 
less likely, cannot strictly be ruled out, which would have strong 
consequences on the prediction of the equinox seasons. Because 
of scarcity of such occultation events within the transneptunian 
region, it is important to gather additional astrometric data on the 
position of the inner satellite for better constraining its orbit ori- 
entation, and consequently the prediction of the mutual events. 

5. Discussion 

This paper shows that crystalline ice is not only present on 
the largest body of the Haumea multiple system, which could 
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Fig. 4. Prediction of the Earth elevation (sub Earth point's lat- 
itude: SEP^) above the orbital plane for each of the two satel- 
lites. In open triangles (blue) for the outer satellite SI Hi'iaka 
discovered in 2005; in filled circles (black) for the lately discov- 
ered inner satellite S2 Namaka. There are two equinox seasons 
during one orbital period of the system around the Sun, hence 
approximately one each 130 years. Equinox season for the inner 
satellite have started and last for about 2 years. The characteris- 
tic modulation of the curve is the effect of the parallax, yielding 
several occultations periods. Note that the curve only depends 
on the inclination of the orbit. 



be explained by the long live effect of radiogenic heating, but 
also on the external satellite Hi'iaka (and hence likely on the 
inner satellite Namaka). Several mechanisms to explain the 
widespread presence of crystalline ice among primitive small 
solar system objects have already been proposed [Jewitt & Luu 
2004; Grundy et al. 2006; Cook et al. 2007], and all require 
that some earlier heating events above 80-90 K [Schmitt et al. 
1988] might have occurred at large heliocentric distances. In the 
following, we explore the efficiency of radiogenic heating and 
tidal dynamical effects as possible heat sources for maintaining 
water ice in its crystalline state over Hi'iaka. 

The radiogenic heating still present in such bodies comes 
from long period unstable elements such as '^''K, ^^^Th and 
^^^U. The heating depends on the volume/surface ratio of the 
body and mostly the total mass of silicates (one has globally 
4.5 X 10"'^ W.kg"' for rocks). Assuming a two layers model for 
the internal structure of Haumea, with a silicate core (density of 
3,500 kg.m"-^) and a water ice surface (density of 900 kg.m"^), 
we find that the rock fraction should represent between 88% and 
97% of the mass of Haumea [4.00 + 0.04 xlO-' kg, Ragozzine 
& Brown 2009] to comply with the possible density range 
(2,600 to 3,300 kg.m"^) reported by Rabinowitz et al. [2006]. 
The radiogenic energy presently available is thus of the order of 
10'" W, about 10 times what is expected for asteroid (1) Ceres. 
In the perspective of a great impact scenario, the fraction of rock 
in the satellites should be lower. Still, a 10% rock-fraction for 



the satellites would provide a radiogenic energy of the order of 
lO*" W for Namaka, and 10^ W for Hi'iaka, which is comparable 
to the icy satellite of Saturn Tethys (although it is understood 
that in the case of Tethys, resurfacing processes to maintain 
water ice in its crystalline state differ, and invoke the action 
of particle bombardment from the nearby E-ring and Saturn's 
magnetosphere). 

Assuming now that all the energy involved from the tidal 
flexure is dissipated, an upper-bound to the crystalline-ice pro- 
duction can be obtained. The amount of thermal energy dissi- 
pated in the body is the residual of the transfer of orbital and 
rotational energy of the deformed body Eth = l^tide + ^lotl- Here 
we have to consider the more general case of inclined and ec- 
centric orbits, elongated primary (the large lightcurve amplitude 
observed [Rabinowitz et al. 2006; Lellouch et al. 2010] is clearly 
associated to shape effect, although the object displays albedo 
markings [Lacerda et al. 2008]), and non synchronous rotation. 
However, for the upper-bound computation derived here, we will 
neglect the effect of eccentricity, obliquity and shape, according 
to the considerations proposed by Ferraz-Mello et al. [2008] for 
fast rotators ' . Hence, the energy released by the effect of tides 
can be expressed as: 

3 r' 

E,^^ -gm^—^kd.e, (1) 
2 a° 

where a is the semi-major axis of the orbit; Q, m and r Haumea's 
spin rate, mass and equivalent radius; the Love dynamical 
number; e the phase lag of the tide and Q the constant of 
gravitation. 

Considering the rheology of the material (viscosity, elas- 
ticity and rigidity) and response to forced periodic oscillations 
through kj.e, only a fraction of this energy will be dissipated. 
For a typical icy body one can assume Q x 30-100, which also 
depends on the temperature of the ice. The Love number scales 
linearly with the body's size and one can assume kj.e oc 10"^ 
for Haumea, and oc 10"^ for its satellites. Thus, the total energy 
dissipated inside the outer satellite Hi'iaka (from the tides raised 
by the central body) can be of the order of 10^ W. Conversely, 
taking into account the mass, sizes and different Love number, 
the energy dissipated from tides raised by the satellites on 
Haumea is about 5 x 10^ W (somewhat lower than the expected 
radiogenic energy available). 

In comparison, the energy needed to crystallize 95% of 
amorphous ice (starting from an equilibrium temperature of 
~50K) corresponds to an increase in temperature of about 
40-50 K (with corresponding characteristic times of about 
10^ and 10^ years respectively) [Schmitt et al. 1988]. Taking 
the water ice heat capacity (C = 2 x 10^ J. K"'. kg"') and 
the energy found previously, one finds a temperature in- 
crease rate dT = 3 x 10^'^K.s"' for a 10'^ kg satellite and 
6T = 6 X 10"'^ K.s"' for the ~ 10^" kg of water ice composing 
Haumea's crust. These values lead to an increase of 50 K in 2 
and 5 Gyrs for Haumea and Hi'iaka respectively. 

This scenario is valid for an energy equally distributed 
inside the whole volume. If, for some reasons, the energy is 
mostly dissipated in some fraction of the mass, or conducted to 
the surface, then the increase in temperature can be even larger. 
This could be the case if the surface displays cracks in the ice, 

' This simplification is based on the following consideration: If the 
very elongated primary is a fast rotator, the tides it will generate will 
be of high frequencies (see Ferraz-Mello et al. [2008] for more detailed 
information). 
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Haumea 


4.00 X 10^' 


690 


88-97 


« 10'" 


« 5 X 10" 


6x 10 


-16 


Hi'iaka 


1.8 X 10" 


195 


<10 


« 10^ 


« 10' 


3x 10- 


-16 


Namaka 


2x 10"* 


100 


<10 


« 10** 


« 10' 


6x 10 


-15 



Table 2. Orbital and physical parameters of the Haumea's system: In addition to the mass (m) and size (r) of Haumea and its 
satellites, we report the silicate content in mass (Si) estimated from the body's density, and the subsequent radiogenic energy (E^j), 
as well as the total energy available from tidal dissipation (Ejj^jgg). Last column reports the resulting temperature rate, (a) is from 
Ragozzine & Brown [2009] . 



were the heating could be more concentrated from the friction 
occuring during the tides; possible cryovolcanism with liquid 
subsurface [Desch et al. 2009] can also be favored by such tidal 
flexions. 

Compared to other systems such as lo or Enceladus, the amount 
of energy involved are very low. However, given the uncertainty 
of our order of magnitude calculations, it would still be possible, 
under particular conditions only, that tides contribute to the 
generation of crystalline ice on the satellites surface. Knowledge 
of the spin vector coordinates of Haumea is required to proceed 
with more specific computations for modeling the tides effect, 
the dissipation, heat transfer, and ice crystallization. Besides, 
if the tides are efficient to produce crystallisation on the outer 
satellite, one should also expect to have crystalline ice on the 
inner satellite Namaka. 



6. Conclusion 

We presented spectro-imaging observations of (136 108) 
Haumea obtained in the near-infrared [1.6-2.4 fim] with the 
integral-field spectrograph SINFONI at the ESO VLT. The pres- 
ence of crystalline water ice is confirmed on the surfaces of 
Haumea and Hi'iaka, the largest of the two satellites. Analysis of 
the spectral bands of water ice and Hapke modeling of our data 
shows that the surface of Hi'iaka is mainly coated with "fresh" 
ice with larger particle size (20 fJ.m), supporting a surface less 
altered than that of Haumea. 

Energy sources responsible for the crystallization of the water 
ice are discussed, concluding that radiogenic heating, as well as 
- under very specific conditions - tidal heating, could explain this 
observational result. 

Improved spectrophotometry of the individual components of 
the system, and better constrains on Haumea size, shape and spin 
state, as well as more detailed modelling of the tidal heating, are 
now required to proceed further in this investigation. 
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